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The protonolysis of platinum(II) and palladium(II) methyl complexes has been investigated by
both experiment and computation. Previously the protonolysis of (COD)PtII(CH3)2 by CF3COOY
or (dppe)PdII(CH3)2 by CF3CY2OY (Y=H, D) was found to be accompanied by abnormally large
and highly temperature-dependent kinetic isotope effects (KIEs), suggesting the involvement of
tunneling. Here we find normal KIEs and no evidence of tunneling for protonolysis of (tmeda)-
PtII(CH3)Cl by CF3COOY (Y=H, D). Density functional theory (DFT) calculations indicate that
protonation at the metal center followed by reductive coupling to the methane σ adduct (stepwise
pathway) is favored for Pt complexes with good electron donor ligands, whereas direct protonation
of the M-CH3 bond to generate the methane σ adduct (concerted pathway) is favored for Pt with
electron-withdrawing ligands as well as for Pd.We suggest that KIE behavior consistent with tunnel-
ing may be an experimental indicator of the concerted pathway.
Introduction
The selective activation and functionalization of saturated
alkane C-H bonds has far-reaching practical implications.1
Over the past several decades, numerous examples of partial
alkane oxidations catalyzed by homogeneous transition metal
(especially platinum and palladium) complexes, often under
remarkably mild conditions and with high selectivity, have
been reported in the literature.2 While a great deal of progress
has been made, the development of practical catalysts to
transformalkanes to value-addedproducts remains anongoing
challenge. As part of the search for further improvements,
efforts have been devoted to understanding the mechanisms
of alkane C-H activation by platinum complexes.3 Signifi-
cant mechanistic insights have been gained through investi-
gations of the microscopic reverse of the C-H activation
step, namely, protonolysis of alkylplatinum(II) model sys-
tems (Scheme 1).4
Two alternative mechanisms for protonolysis have been
proposed: direct, concerted electrophilic attack at the metal-
carbon bond (red pathway) leading to themethane σ adduct,
and a stepwise route consisting of protonation at themetal to
generate a metal hydride followed by reductive coupling to
the σ adduct (blue pathway).5 The subsequent loss of methane
is usually believed to proceed via associative displacement;6
that conclusion has been supported by the observation of
statistical isotopic scrambling in deuterolysis, for cases when
that step is rate determining.7
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The stepwise pathway has been strongly implicated by
observation of Pt(IV)-H intermediates in the protonolysis
of several alkylplatinum(II)model systems.5While themech-
anism of alkane C-H activation by Pd(II) and the corre-
sponding microscopic reverse process8 have received much
less attention than Pt(II), formation of alkylpalladium(II)
intermediates via the concerted pathway has been preferred,
because Pd(IV)-H complexes are thought to be less acces-
sible than their Pt(IV)-H counterparts.9 In general, though,
distinguishing between these two pathways is highly problem-
atic. Failure to observe a Pt(IV)-H intermediate does not
necessarily rule out its involvement: it can be difficult to detect,
depending on factors such as solvent, proton sources, and
supporting ligands. It is also possible that the concerted path-
way could be operating even when a Pt(IV)-H can be
observed, if it is formed reversibly and does not undergo
reductive coupling rapidly.
Measurements of kinetic isotope effect (KIE) have also
been used to investigate the mechanism of protonolysis,10 but
no conclusive correlation betweenmechanism andKIE values
is available.5 Romeo has noted that inverse KIEs (kH/kD< 1)
can be observed for the protonolysis of alkylplatinum(II)
complexes that proceed by the stepwise mechanism, but only
if a step subsequent to protonation is rate-determining. He
further proposed that if the actual protonation of the com-
plex is rate-limiting, it maywell not be possible to distinguish
between the alternatives: “the similarity of the energy pro-
files [for the two pathways] suggests that, under these cir-
cumstances, any discussion of the site of proton attack risks
becoming semantic in nature”.5b Although rigorous distinc-
tion between these pathways may well be elusive, in our
opinion that does not reduce the problem to one of seman-
tics; rather it highlights the need to develop new mechanistic
tools.
Recentlywe reported abnormally largeKIEs (greater than 10
at 298 K) in the protonolysis of several dimethylpalladium(II)
complexes, 1a-d, and (COD)PtII(CH3)2 (2, COD = 1,5-
cyclooctadiene) (Scheme 2) and invoked tunneling to ac-
count for the magnitude and temperature dependence of the
KIEs.11 While the possibility of the stepwise, oxidative
protonolysis route could not be firmly excluded for these
systems, we favored the concerted mechanism for a number
of reasons: Pd(IV)-H intermediates are not easily accessible;
the electron-deficient COD ligand will disfavor formation of
Pt(IV)-H; no Pt(IV)-H is detected by 1H NMR in the
protonolysis of 2 at low temperatures; no scrambling of H/D
between methyl/methane positions is observed in any of the
systems studied, nor are measurable amounts of methane
isotopologues with more than a single deuterium produced.
We suggested the possibility that such unusually high KIEs,
consistent with tunneling, might be a signature of operation
of a concerted mechanism.
Herewe report computational studies on twoof the systems
exhibiting highKIEs, as well as a combined experimental and
Scheme 1
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computational investigation of the protonolysis of (tmeda)-
PtII(CH3)Cl (3, tmeda=N,N,N
0,N0-tetramethylethylenediamine),
in which the likely involvement of the stepwise mechanism
has been supported by the observation of the Pt(IV) hydride
4 at low temperatures (Scheme 3).5a Our findings support the
proposal that KIE observations indicating tunneling may be
correlated with a preference for the concerted protonation
pathway.
Results and Discussion
Computational Studies on Protonolysis of (COD)PtII(CH3)2
by Trifluoroacetic Acid (TFA) and (dmpe)PdII(CH3)2 by Tri-
fluoroethanol (TFE) inDCE.Density functional theory (DFT)
was used to examine the systems that exhibited tunneling. Of
the Pd complexes examined experimentally,11 protonolysis of
1a-c was complicated by competing reductive elimination of
ethane, and the computational cost required to study dppe
complex 1d would have been extreme, so calculations were
performed on the bis(dimethylphosphino)ethane (dmpe) ana-
logue 9. The calculated reaction energy profiles for the pro-
tonolyses of 2 by TFA and 9 by TFE in DCE are shown in
Table 1 (calculated enthalpy and entropy values for each
species are provided in the Supporting Information (SI)).
Transition states (TS1a and TS1b) were located for the
proton transfer step in the concerted mechanism of both
systems; some interaction between the proton and its
counteranion (as shown in Table 1) remains at the transition
states. In the stepwise pathway for the protonolysis of 2, a
Pt(IV)-H intermediate 8 and the transition state (TS2a) for
the reductive coupling from 8 to the methane σ adduct 6were
both located, but no transition state could be located for the
protonation of 2 to 8; nor did the calculations reveal any
stabilization resulting from proton-counterion interaction
along that pathway. The energy ofTS2a (which is significantly
higher than that of TS1a) can be taken as a lower limit for the
overall activation barrier of the stepwise mechanism in the
protonolysis of 2; hence the calculated barrier for the con-
certedmechanism (ΔGq=26.9 kcal/mol) is lower than that for
the stepwise mechanism (ΔGq=32.5 kcal/mol).
In contrast to 2, no Pd(IV)-H intermediate could be
located for the stepwise pathway in the protonolysis of 9
by TFE. This result suggests that the stepwise pathway is
even less favorable relative to the concerted mechanism,
most likely due to both the instability of Pd(IV)-H and
the unfavorable combination of a hard Pd(IV) center and
two soft phosphorus donors.
The transition states for the loss of methane from 6 and 10
were not located, but we can estimate upper limits for the
activation barriers of this step by adding the overall enthalpy
ofmethane dissociation (ΔH=5.8 kcal/mol for 6 to 7 and 5.9
kcal/mol for 10 to 11; we use enthalpy values because little or
none of the favorable entropic changes will probably con-
tribute to the transition-state free energies) to the free
energies of the methane complexes, giving 19.3 and 22.1
kcal/mol, respectively, lower than the ΔGq values calculated
for protonation of the M(II)-C bond. (As noted earlier, an
associative mechanism for methane displacement is likely.6)
The experimental findings, that CH3D was the only deuter-
ated methane isotopologue observed and that no deuterium
incorporation into the resultant Pt(II)-CH3 or Pd(II)-CH3
of the product was detected,11 suggested that protonation is
Table 1. Calculated Energy (kcal/mol) Profiles for the Protonolysis of 2 and 9 at 298 K
Scheme 3
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the rate-determining step for the protonolysis of 2 by TFA
and 9 by TFE, respectively, followed by rapid loss of meth-
ane, and the computational result is thus consistent with that
conclusion.
KIEs calculated (see SI for details) without tunneling
corrections for the protonolysis of 2 by TFA acid in DCE
are much smaller than the experimental values (Table 2),
especially at low temperatures. As the temperature increases,
the hydrogen tunneling contribution to the KIE is expected
to decrease; thus the calculated and experimental KIEs
gradually approach each other. On the basis of these calcula-
tions, it appears that hydrogen tunneling is most likely the
reason behind the abnormally large experimental KIEs as
well as their temperature dependence behavior for the pro-
tonolysis of 2.
Protonolysis of (tmeda)PtII(CH3)Cl by Trifluoroacetic Acid-
d0 and -d1 in 1,2-Dichloroethane-d4.We have previously exam-
ined the protonolysis of (tmeda)PtII(CH3)Cl (3, tmeda=N,N,
N0,N0-tetramethylethylenediamine) in dichloromethane.5a
With HCl a six-coordinate Pt(IV)-H intermediate (stable
below about -60 C) could be observed by NMR, while use
of triflic acid, which contains only a very weakly coordinating
anion, led directly to methane even at -80 C. No multiply
deuterated toluene was detected when the analogous benzyl
complex was reacted with a mixture of HCl and DCl, indi-
cating that the rapid isotope scrambling often observed in
the protonolysis of dimethylplatinum(II) species is absent
here, thus allowing us to measure the KIE of protonolysis/
deuterolysis under competitive conditions across a wide range
of temperatures.
Addition of a 2:1 mixture of CF3COOD/CF3COOH to a
solution of 3 in 1,2-dichloroethane-d4 (DCE-d4) at room
temperature (Scheme 4) gave (tmeda)PtII(OOCCF3)Cl (12)
and CH3D/CH4 in the ratio of 0.45:1 (by
1HNMR), with no
other isotopologues of methane observed. The calculated
KIE is 4.4. The KIEs measured for the protonolysis of 3 are
much less temperature dependent (Table 3) than those for 1
and 2 (see Table 2). A linear correlation between ln(kH/kD)
and 1/T was obtained, with both AH/AD (1.1 ( 0.1) and
Ea
D - EaH (0.8 ( 0.1 kcal/mol) falling within semiclassical
limits (Figure 1), suggesting that tunneling does not play a
significant role.12
DFT calculations on the protonolysis of 3 by TFA gave
reaction profiles (Table 4) similar to those obtained for 2 (see
above), but the replacement of COD by tmeda lowers both
the activation enthalpy (from 32.8 to 29.2 kcal/mol) and
activation free energy (from 32.5 to 29.0 kcal/mol) for the
stepwise mechanism, while increasing those values (from
18.8 to 20.7 and from 26.9 to 30.1 kcal/mol, respectively)
for the concertedmechanism.Moreover, the formation of 15
from 3 is calculated to be more favorable than that of 8 from
2 by 3.4 kcal/mol, probably attributable to tmeda being a
better electron donor and poorer acceptor than COD.
Although the five-coordinate Pt(IV)-H intermediate 15 is
calculated to be unstable relative to 3þTFA, the addition of
a sixth ligand lowers its energy: (tmeda)PtIV(CH3)(H)Cl2, 4,
which was experimentally observed at low temperatures, is
calculated to bemore stable than 3þHCl (Scheme 5). Again,
Table 2. Experimental11 and Calculated (without Tunneling
Corrections) KIEs for the Protonolysis/Deuterolysis of 2 by TFA
at Various Temperatures
temperature, K (kH/kD)
expt (kH/kD)
calc
273 25.9 ( 0.3 5.9
294 17.5 ( 0.3 5.2
313 12.1 ( 0.3 4.8
333 9.2 ( 0.3 4.4
353 6.9 ( 0.3 4.0
AH/AD =
0.075 ( 0.007
Ea
D - EaH =
3.2 ( 0.1 kcal/mol
AH/AD = 1.1
Ea
D - EaH =
0.9 kcal/mol
Scheme 4
Table 3. Experimental and Calculated (without Tunneling
Corrections) KIEs for the Protonolysis/Deuterolysis of Complex
3 by Trifluoroacetic Acid in DCE-d4 at Various Temperatures
temperature, K (kH/kD)
expt (kH/kD)
calc
273 5.1 ( 0.5 4.2
294 4.4 ( 0.5 3.8
313 4.1 ( 0.5 3.5
333 3.9 ( 0.5 3.3
AH/AD =
1.1 ( 0.1
Ea
D - EaH =
0.8 ( 0.1 kcal/mol
AH/AD = 1.1
Ea
D - EaH =
0.7 kcal/mol
Figure 1. Plot of ln(kH/kD) vs 1/T for the protonolysis/
deuterolysis of complex 3 by trifluoroacetic acid in DCE.
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the estimated barrier to loss ofmethane is lower than that for
protonation, consistent with the absence of isotopic scram-
bling in the protonolysis/deuterolysis.
The overall activation free energy is calculated to be
slightly (∼1 kcal/mol) lower for the stepwise pathway than
for the concerted pathway for 3. This small difference is not
sufficient, by itself, to conclude that the stepwise mechanism
is favored, since the uncertainties in the calculated para-
meters must be considerably larger. In particular, activation
entropies in proton transfer reactions are difficult to calcu-
late reliably, since they can be profoundly influenced by
solvent effects,17 which current computational methods are
still not sophisticated enough to model accurately. Indeed,
the experimentally measured activation parameters for the
protonolysis of 3 by triflic acid (ΔHq=19.4 ( 1.5 kcal/mol,
ΔSq=14 ( 5 eu)5a differ considerably from the calculated
values (ΔHq = 29.2 kcal/mol, ΔSq = 1 eu). However, the
relative calculated values appear much more significant: on
going from 2 to 3, the stepwise path becomes more favorable
compared to the concerted path by about 7 kcal/mol. This
comparison involves calculations on closely related systems,
so that any major systematic errors are likely to cancel out;
coupled with the experimental observation of a Pt(IV)-H
intermediate for the latter but not the former, it provides
strong support for the argument that the two systems follow
different mechanisms. Additionally, calculated KIEs for the
stepwise mechanism agree well with the experimental values
(Table 3), further suggesting that proton tunneling does not
play an important role in the protonolysis of 3.
Conclusions
In summary, our computational results favor a concerted
mechanism with direct protonation at theM-C bond over a
stepwise mechanism in which protonation at M is followed
by reductive coupling, for the protonolysis of two systems
that exhibit abnormally large KIEs, attributed to tunneling.
For a platinum(II) complex with a better electron-donating
ligand, the stepwise mechanism becomes more favorable
computationally, and no tunneling effects are observed in
the experimentally measured KIEs. We suggest that the
observation of tunneling-related high KIEs may be a useful
indicator of systems that follow the concerted mechanism,
but calculations that include tunneling would be needed to
reach a more confident conclusion on this point. We would
also like to have considerably more information on the
detailed mechanism of protonolysis (as well as the micro-
scopic reverse, C-H bond activation) and the relation to
KIE values; some of that work is currently underway in our
laboratories.
Experimental Section
General Information. All air- and/or moisture-sensitive com-
pounds were manipulated by using standard high-vacuum line,
Schlenk, or cannula techniques, or in a glovebox under a
nitrogen atmosphere. TFA-d1 and DCE-d4 were purchased
from Cambridge Isotope Laboratories and stored under nitro-
gen in the glovebox. TFA-d0was purchased fromSigma-Aldrich
and stored in the glovebox. Compound 3 was prepared accord-
ing to literature procedures.18 All NMR tubes were dried over-
night in a 180 C oven. Protonolysis studies were performed in a
screw-cap NMR tube with a PTFE/silicone septum. The error
introduced by residual protons from the glass surface of the
NMR tubes was found to be negligible by 1H NMR spectro-
scopy with an internal standard (within 1H NMR error). All
NMR spectra were recorded at room temperature on a Varian
Mercury 300 spectrometer.
Table 4. Calculated Energy (kcal/mol) Profiles for the Protonolysis of 3 at 298 K
Scheme 5
(14) Stern, M. J.; Weston, R. E. J. Chem. Phys. 1974, 60, 2808–2814.
(15) Klinman, J. P.; Sharma, S. C. J. Am. Chem. Soc. 2008, 130,
17632–17633.
(16) Datta, A.; Hrovat,D.A.; Borden,W. T. J. Am.Chem. Soc. 2008,
130, 2726–2727.
(17) (a) Evans, A. G.; Hamann, S. D. Trans. Faraday Soc. 1951, 47,
25–49. (b) Bunting, J. W.; Stefanidis, D. J. Am. Chem. Soc. 1990, 112, 779–
786.
(18) Luinstra, G. A.; Wang, L.; Stahl, S. S.; Labinger, J. A.; Bercaw,
J. E. J. Organomet. Chem. 1995, 504, 75–91.
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Protonolysis of 3. Stock solutions of 2:1 TFA-d1/TFA-d0 and
3 in DCE-d4 were prepared in the glovebox in glass vials with
PTFE/silicone septa. The vials with the stock solutions were
then placed in an ice or oil bathwith three screw-capNMRtubes
sealed with PTFE/silicone septa at a constant temperature (273,
294, 313, 333 K). After the solutions were allowed to equilibrate
for a few minutes, the TFA-d1/TFA-d0 mixture (0.2 mL) and 3/
DCE-d4 solution (0.7 mL) were slowly transferred into the
NMR tubes by syringe. After quickly shaking the tubes outside
the bath to homogenize the mixtures, the NMR tubes were
inserted back into the bath for 10min beforeNMRanalysis. The
average CH3D/CH4 ratios of three runs at each temperature
were used.
Computational Methods. All computations were performed
using the Gaussian03 software package unless otherwise
stated.19 All species were treated as singlets. Geometries were
optimized by density functional theory method (BP86) with a
hybrid basis set (Pd and Pt: LANL2TZ(f),20,21 consisting of
Wadt and Hay relativistic effective core potentials (RECPs),20a
valence triple-ζ contraction functions, andan f-orbital polarization
function; all other elements: 6-31þG(d), an all-electron basis set
developed by Pople et al.22). Similar methods have been widely
used in computational investigations of C-H bond activation
by transition metal complexes.23 A harmonic oscillator model
was used for vibration frequency analysis of the optimized
structures. All frequencies of the minima are positive, while
transition states have only one negative frequency. The vibra-
tion mode of the negative frequency in the transition state was
confirmed to be the one that corresponds to the reaction
coordinate.
Gas phase enthalpies and entropies (pressure=1atm, 298.15K)
of all species were obtained via frequency calculations with
appropriate isotopic contents at various temperatures. No scal-
ing factor was used for the calculated frequencies. An implicit
solvation model, the CPCM polarizable continuum model, was
then employed for the calculation of solvation energies. The sum
of the gas phase enthalpies and the solvation energies was used
directly as the enthalpies in DCE. Finally, the gas phase
entropies were converted to corresponding entropies (1 M in
DCE) according to an empirical method developed by Wertz.24
Details of the latter calculation, along with all calculated
structural and energetic parameters, are given in the SI.
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